The activation of demand response (DR) potentials offered by electricity consumer flexibility is one promising option for providing balancing power and energy in supply systems with high share of variable renewable energy (VRE) power generation. In this paper, a model-based assessment of the economic DR potential in Germany is presented. It relies on the extension of the REMix energy system model by flexible electric loads. In a case study considering a future German power supply system with a VRE share of 70%, possible cost reductions achieved by investment in DR are quantified. The sensitivity of the results to changes in the assumed DR costs and characteristics are analysed in additional simulations. The results show that the major benefit of employing DR is its ability to substitute peak power generation capacity, whereas the impact on the integration of VRE power generation is lower. This implies that the focus of DR is on the provision of power, not energy. Even at rather pessimistic cost DR assumptions, more than 5 GW of power plant capacity can be substituted. Consumer flexibility furthermore triggers an increase in the operation of back-up power plants, whereas it decreases the utilization of pumped storage hydro stations. In the model results, the reductions in annual power supply costs achieved by DR add up to several hundreds of millions of Euros.
Highlights:
• A novel demand response (DR) representation in an energy system model is introduced
• The method can be transferred to any such model using simple linear optimization
• The economic DR potential in Germany is assessed for a renewable energy scenario
• Results show that DR can economically substitute up to 10 GW of power plants
• DR furthermore affects renewable energy curtailment and power plant operation 1 List of Symbols 
Scope and Structure of this Work

81
In this paper, the implementation of electric load shifting and shedding in the 82 energy system model REMix is introduced. Subsequently, the novel modelling 83 approach is applied to assess the economic competitiveness of DR in a future
84
German electricity supply system primarily relying on fluctuating renewable 85 resources. In doing so, different assumptions concerning DR costs and tempo-86 ral availability of flexible loads are taken into account.
87
The paper opens with a brief description of the REMix model environment,
88
before providing detailed insight into the DR modelling approach. In the fol- 
REMix Modelling Approach
94
REMix 1 is a deterministic linear optimization program realized in GAMS 2 .
95
It has been developed with the aim of providing a powerful tool for the prepa- Unless otherwise expressly provided, here and in the following the name REMix refers to the optimization model REMix-OptiMo within the overall modelling framework (see Fig. 1 ) 2 General Algebraic Modeling System (GAMS) is a modelling system for mathematical programming and optimization (www.gams.com).
The model is programmed in a modular structure. Each technology is repre- load and hour of the year, potential load increase P f ree (t) and load reduc-146 tion P f lex (t) are provided. They are defined relative to the maximum electric 147 capacity P maxCap that can be made available for DR. The hourly values re-148 flect the load profile of the corresponding load, as well as the share of regular 149 load and unused capacity available for load reduction or increase, respectively.
Demand Response Modelling Concept and Input
DR measures considered in the
150
In addition to the hourly load reduction and increase potential, techno-economic 151 model input include shifting time t shif t , interference time t interf ere , efficiency 152 η DR , day limit t dayLim and year limit n yearLim on the one hand, and specific All shifted loads need to be balanced after a given shift time t shif t . This con-225 cerns both load reduction (P red , P balRed ) and load increase (P inc , P balInc ) and 
In the model, a storage level W lev (t) is defined for both reduced and increased loads. It represents the amount of all shifted and not yet balanced load, comparable to a storage filling level. Its hourly balances are given by Eq. 6 and 7, respectively.
The DR storage level is used for restricting shifted and not yet balanced energy
243
and thus duration of DR interventions. Its upper limit is calculated from the 244 maximum duration of DR interventions t interf ere and the average available DR load s f lex of the corresponding technology, as described by Eq. 8 and 9. 
Demand Response Costs
258
REMix considers DR investment C invest and operation costs C op . Prerequisite for DR is the equipment of flexible consumers with an ICT infrastructure allowing for automatized or manual changes in demand pattern. Making loads available can thus require an investment, which is assessed according to Eq. 12. The annuity f annuity is calculated based on the amortization time t amort and interest rate i as described in Eq. 13.
The operational cost reflect the expenditures caused by the provision and 259 utilization of flexible loads and are calculated according to Eq. 14.
4 Case Study enable a reduction in VRE curtailment and demand for power plant capacity.
266
In the case study, the energy system operation and back-up power plant capac- Due to its particular focus on a detailed analysis of DR, a simplified system 277 representation is chosen in the case study; this concerns both power genera- mission system operators as summarized in Table 2 .
296 Table 2 REMix the scenarios with DR, the focus is laid on the investment in load flexibility.
309
In the scenario without DR, the model endogenous capacity expansion includes The maximum installed wind and PV capacities in each region, as well the re- and pumped storage, is not subject to optimization in any of the simulations.
323
Instead, the turbine and pump capacities installed in the year 2014 are as-
324
sumed to be available also in the future (see Table 3 ).
325
In the scenarios with DR, power plant capacities are optimized only for GT for each region in Table 4 .
358
The output of conventional power plants is only restricted by the installed 359 and available capacity, and not dependent on any intermittent resource. Tech-360 nology input data of gas power plant comprise net efficiencies, power plant 361 availabilities, as well as investment and fixed operational costs (see Table 5 ).
362
To all investments in new capacities, an interest rate of 6% is applied. In all 363 scenarios, a gas price of 28.8 e/MWh and a CO 2 emission cost of 150 e/ton 364 are considered.
366
In the scenario without DR, DC power lines can be installed by the model. Grid load pick-up (see Table 7 ).
412
Taking into account theoretical potentials, customer participation and aggre-413 gation, DR potentials are calculated for each technology and model region.
414 Table 8 summarizes the resulting capacities, as well as average load reduction 415 and increase. 
Case Study Results
446
Reference Scenario without Demand Response
447
The reference scenario without DR fulfils two tasks in the case study. On highest values in East and West, whereas it is lowest in Southwest and North.
460
Concerning the ratio of mid-load CCGT capacity and peak-load GT capacity, 
Scenarios with Demand Response
493
In the scenarios with DR, the model can invest in DR in order to reduce 494 back-up capacity or fuel demand and thus system costs. The hourly operation of DR resources is shown exemplary for scenario DR
545
Base in Figure 9 . It reveals that DR is preferably used for reducing the de- 
554
Hours with highest load reductions are concentrated to evenings in the winter 555 months, which are typically the times of peak demand in Germany.
556
In the following, the impact of DR on other system components is assessed. is striking that differences between scenarios are much higher for the installed 562 DR capacity (see Figure 7 ) than they are for the impact on capacity demand.
563
This results from the high temporal availability of industrial DR potentials,
564
which are accessed across all scenarios. The ratio of peak load reduction and
565
DR capacity ranges between 9% in scenario Cost−− and 47% in Cost++. DR mostly substitutes peak generation capacity, here represented by GT; 567 they account for 90% to 98% of the overall power plant capacity reduction.
568
Comparing the scenarios, it appears that the consideration of lower costs and The impact of DR on VRE curtailment is displayed in Figure 11 . It shows that and energy. This is reflected by the calculated overall system costs, which are 604 found to be lower in the scenarios with DR. Figure 13 shows the cost reduction 605 in each scenario, compared to the reference scenario without DR. Comparing the scenario-specific cost reductions in Figure 13 with the cor- for a detailed analysis of DR behaviour and its correlation to the operation of 754 other system components.
755
The simulations dedicated to the assessment of future potentials in Germany
756
reveal that the economic application of DR is mostly limited to short-time peak
757
shaving of residual loads. From this arises that it is particularly competing 758 with peak load power plants and short-to medium-term storage technologies.
759
The model results show that load flexibility provides substantial amounts of 760 positive balancing power, which can substitute other firm generation capacity.
761
Even under the most pessimistic cost assumptions applied here, investment in enues than those arising from trans-regional load balancing.
777
The scenario study presented in this work provides a first approximate eco- 
